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ABSTRACT:

The North West Himalayan basins have always been prone to hydro-meteorological disasters. Among them Beas Basin is one of the
highly affected basins. Beas basin is prone to cloudburst which causes huge loss to life and property every year. Increase in these
devastating events have been noticed in the recent years. Climatic change is considered as the major driver for this increased occurrence
of these events in the recent past. The analysis of long-term hydrological extremes over the basin will help in understanding the pattern
of the hydro-meteorological extremes and also predicting its nature in near and far future. The Variable Infiltration Capacity (VIC)
model at the grid size of 0.025° x 0.025° has been used in the present study, for simulating the hydrological behaviour of the Beas
Basin. The parameterization of the model inputs is derived from Remote Sensing based and field observed datasets. The model was
forced with meteorological dataset of ERA-Interim for the past and present time period and CORDEX dataset for the future time
period. The model was calibrated using observed discharge data of Nadaun and Sujanpur stations. The Nash-Sutcliffe model efficiency
of calibrated model was achieved to be 0.77 and 0.72 and coefficient of determination (R?) was 0.80 and 0.72, respectively. The
validation results of the model for the same stations shows the model efficiency to be 0.73 and 0.74 with coefficient of determination
(R?) as 0.67 and 0.82, respectively. The well calibrated model was used to simulate the hydrological behaviour of historic period (1979
—2000), present period (2001 - 2017), near future period (2018 — 2050) and far future period (2051 — 2099). The exceedance probability
curve method has been utilized in estimating the flood peak value for the future time period. The flood peak discharge value for the
future time period comes out to be 1050 m3/s. The hydro- meteorological extremes rate per year in each period was found to be 9, 9,
12 and 14, respectively. The hydro-meteorological extremes rate is showing increasing trend in near future and very high increase in
far future. The study highlights the probability of occurrence of catastrophic events in coming future. The methodology and results of
the present study can be beneficial for sustainable development of the basin to counter the effect of probable hydro-meteorological
extremes in coming future.

1. INTRODUCTION cloudburst events happens in this area every year, causing huge

damage to the life and property. The few flash flood event that
occurred and are recorded in literature are 1990, 1991, 1992,
1993 and 1995 (Dhote et al. 2018; Dimri et al. 2017; Sati and

1.1 Introduction

Hydro-meteorological disasters are accumulating worldwide in
the last decades and are giving clear indications of the climate
related risks that are becoming even more damaging (Hattermann
2019). The assessment of hydro-meteorological events over the
past, present and future helps us in assessing the climate change
over the region and also makes us more aware and informative to
plan about the coming dangerous events. However, information
about future events are not available and hence the Variable
Infiltration Capacity (VIC) (Liang et al. 1994; Liang, Wood, and
Lettenmaier 1996) model is utilised for predicting the future
events. It simulates snow accumulation and snowmelt,
evapotranspiration, surface runoff, macro pore flow, tile
drainage, groundwater outflow from soil layers, routing through
rivers and retention and outflow from lakes and reservoirs, both
natural and regulated (Donnelly, Yang, and Dahné 2014;
Pechlivanidis et al. 2017; Towler et al. 2010). North Western
Himalaya has always been prone to hydro-meteorological
extremes and among in it, the Beas Basin is more prone to such
flood events. (Aggarwal et al., 2016; Gupta et al., 1982; Naha et
al., 2016; Prasad & Ray, 2005) It also receives the highest annual
rainfall with most number of rainfall extreme events. The high
hilly terrain does not allow flood water to retain, instead the
heavy rainfall triggers the occurrence of flash flood which causes
huge damage to the basin. The Kullu and Manali stretch in the
Beas Basin are most frequent for flash flood events. Number of

Gahalaut 2013; Thakur et al. 2019; Thayyen et al. 2013) and
Manali cloud burst induced flash flood—1995 and 2012 (State
Disaster Cell, H.P. 2012; Thakur et al. 2019) are some most
severe events. The flash flood occurs in almost every year in the
basin. From 1990 onwards more than 30 flash flood events have
occurred in the basin. It is very much prone to cloudburst and
flash flood event that are reflected in the discharge at downstream
stations. The frequency of extreme discharge events will help us
in understanding the frequency of rainfall induced extreme events
in the future simulations.

2. STUDY AREA AND DATASETS USED
2.1 Study Area

The Beas Basin (Figure 1) lies in the extent between at 31°30° N
to 32°30” N latitude and 76°00° E to 78°00° E longitude. The
river Beas originates from the Pir Panjal Range close to the
Rohtang Pass, after this it flows through Kullu and Manali. It
flows through Mandi and joins Satluj River near Harika. The
river is very much prone to the flash floods events. The total area
of the Beas Basin is approx. 12612 km2. The long term annual
average precipitation observed is around 1301 mm with
minimum annual precipitation of 808.03 mm and maximum
annual precipitation of 2789.72 mm.
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Figure 1 Study Area
2.2 Datasets Used

The input parameters of VIC model, requires various types of
data that involves remote sensing as well as various other datasets
i.e. long-term hydro-meteorological datasets for the simulation
period, observed discharge data for the calibration and validation
of the model simulations, etc. The various remote sensing dataset
helps us in estimating the near real time parameters that involves
Land use type, Leaf area index (LAI), Snow Cover, etc. for each
grid and is stored in the input parameter files.

The details of datasets used in the present study are provided in
Table 1.
Table 1 Datasets Used

Remote Sensing Resolution Source / Datatype
Digital Elevation 30m X 30m ASTER
Model; Figure 2
Land Use Land Cover | 100m X 100m ISRO-GBP
Figure 3
LAI 500m X 500m MODIS
Snow Cover 500m X 500m MODIS
Hydro- Resolution
meteorological data
Era-Interim 0.5° X 0.5° ECMWF
APHRODITE 0.5° X 0.5° www.chikyu.ac.jp
CORDEX 0.5° X 0.5° www.cordex.org
Secondary datasets
Soil Data (FAO- 100m x 100m FAO
HWSD); Figure 4
Observed Discharge Monthly Bhakra Beas Management
Data Board (BBMB)
Software’s and
Tools Used
ArcGIS, QGIS
VIC Tool, Python
VIC Model (VIC 4.2 https://vic.readthedocs.io
Glacier Model)

The various products utilised in the study are shown below as
images.
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Figure 2 Digital Elevation Model (DEM)
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Figure 4 Soil Map
3. METHODOLOGY

As the current study is focused on the estimation of the
hydrological extremes over the historic, present and future time
periods, it requires the simulations for all the three time periods.
The Variable Infiltration Capacity (VIC) (Lohmann and Raschke
2003; Gunderson et al. 1996; Terradas and Pefiuelas 2008; X.
Liang et al. 1994; Liang, Lettenmaier, and Wood 1996; Liang,
Wood, and Lettenmaier 1996; Lohmann et al. 1998; Nijssen et al.
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1997) model is utilized for the generation of the simulations for
the three time periods i.e. past (1979 - 2000), present (2001 -
2018) and future (2019 - 2099). The study is also performed in
three phases-

1. Setting up of Hydrological model

2. Calibration and Validation of model Setup

3. Estimation of hydrologic extremes in historic, present and
future.

The broad methodology adopted in the present study is shown in
the Figure 5 below.
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Figure 5 Methodology
3.1 Setting up of VIC Hydrological Model

The setting up of hydrological model requires the creation of
input parameters from various datasets. The Digital Elevation
Model (DEM) is utilized for extracting the slope, elevation and
elevation band file for each grid. The DEM is also utilized in
extracting the basin boundary. The soil and LULC, Snow Cover
datasets along with the above parameters are utilized in the
creation of the Soil Parameter, Vegetation Parameter and Snow
Band Files. The Hydro-meteorological datasets which contains
daily information of wind speed, temperature and precipitation
for all the three time-period are utilized in the creation of the
meteorological forcing file. The input parameters along with the
meteorological forcing are fed to the VIC hydrological model for
the generation of the simulations for the specified time period.
The study area is discretised into square grids of 0.25° x 0.25° and
the grids falling under study basin are assigned active/run status
for setting up/running the VIC model. The active grid of Beas
Basin are shown in Figure 6. The model is run in energy balance
model at daily time step. VIC writes the daily surface energy
balance and water balance outputs of each active grid in
respective flux file of each grid. These fluxes are further used for
generation of routed surface runoff and snow melt runoff
component at various gauging stations in the basin. The
simulated and observed discharge are compared to guide us in
calibrating the complex VIC model.
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3.2 Calibration and Validation

The calibration and the validation are the further step following
the simulation run. The fluxes are then routed at the outlets using
the VIC Routing Model (Lohmann, D., Nolte-Holube, R. and
Raschke 1996; Lohmann et al. 1998; LOHMANN et al. 1998)at
specific station, where the observed discharge data is available
for comparison, to get discharge as output. The simulated
discharge is then compared with the observed discharge. The
calibration parameters as suggested by Behera et al. (2019), Garg
et al. (2017; 2019) and Nikam et al. (2018) are changed and the
model is simulated again. It is done till the simulated and
observed discharge came in acceptable range. The simulated
discharge is compared with the observed discharge of the
validation period. The model is termed as well calibrated model
and is then used for the further study. If the modelled discharge
agrees well with the observed values for the validation period.

3.3 Estimation of hydrologic extremes in historic, present
and future

The hydrologic extremes for the Beas basin are first identified
from the historic reports. On the basis of the reports the flash
flood peaks were identified and are marked as thresholds. The
daily simulations are then utilized to identify the occurrence of
the hydrologic extremes in the historic and present time period
using the aforementioned flash flood discharge threshold. The
exceedance curve (McMahan, Grover, and Vignola 2013)
method is used in identifying the threshold for the future flash
flood events. The total events during each time periods are noted
and conclusions are drawn after normalizing all the events on the
per year basis.

4. RESULTS AND DISCUSSIONS
4.1 Calibration and Validation

The observed discharge data of two outlets Nadaun and Sujanpur
was obtained from Bhakara Beas Management Board (BBMB)
for the period 2007 to 2015. The model calibration and validation
is done at these outlets for Beas Basin.

411 Calibration
The calibration periods chosen for Nadaun and Sujanpur outlet
are from 2007 to 2010 and from 2008 to 2010, respectively. The
simulated discharge data is plotted against the observed discharge
data in order to compare the trend followed by the simulated
discharge. The Nash- Sutcliffe efficiency and coefficient of
determination (R?) are considered as model performance
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evaluation parameters. Figure 7 and Figure 8 shows the close
match of observed discharge data with model simulated
discharge at both the stations.
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Figure 7 Plot of simulated and observed discharge at Nadaun
during calibration period.
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Figure 8 Plot of simulated and observed discharge at Sujanpur
during calibration period.

The plots show the matching pattern in the simulated and the
observed discharge. The Nash- Sutcliffe efficiency is also
calculated at both the outlets and it is found to be 0.77 and 0.72
at Nadaun and Sujanpur, respectively. The Nash- Sutcliffe
efficiency shows that the model parameter used in the model are
well acceptable to simulate hydrological behaviour of the Beas
Basin. The scatter plots generated for the observed and simulated
discharge at the two outlets are shown in Figure 9 and Figure 10.
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Figure 9 Scatter Plot at Naduan outlet
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Figure 10 Scatter plot at Sujanpur outlet

The Scatter plots shows the high degree of correlation between
the observed and simulated discharge. The values of coefficient
of determination (R?) for Nadaun and Sujanpur outlet are 0.81
and 0.73, respectively. All the model performance parameter
values obtained are under acceptable limits and supports the
model calibration at Beas basin.

412 Validation

The period for which the validation of the calibrated VIC is from
year 2012 to year 2015 for Nadaun outlet and from year 2013 to
year 2015 for Sujanpur outlet as per the availability of observed
data. The plot between the simulated and observed discharge are
also generated in order to observe the behaviour of simulated
discharge with the observed discharge pattern. The Figure 11
Figure 12 shows the behaviour of simulated discharge with the
observed discharge.
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Figure 12 Validation plot of Simulated and observed Discharge
at Sujanpur

The above plot shows that the simulated discharge follows the
same pattern of the observed discharge. Mathematically, the
validation is supported by finding the Nash-Sutcliffe efficiency
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between the discharges at both the outlets. It is 0.73 and 0.74 at
Nadaun and Sujanpur outlets respectively. The validation is also
supported by the scatter plots between the simulated and the
observed values of discharges.
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The scatter plots in Figure 13 and Figure 14 show that the
simulated values are highly correlated with the observed values
and supports the validation of the model at Beas Basin. The
coefficient of determination (R?) is 0.87 at Nadaun outlet and
0.82 at Sujanpur outlet. It also supports the validation of the
model. All the statistical parameters support the validation of the
model at Baes basin.

4.2 Historic Period (1979 — 2000)

As Era — Interim dataset are available from 1979 onwards, the
historic period is chosen from the year 1979 to 2000. The
calibrated VIC model is employed for simulation of hydrological
response of Beas Basin for historical time period (1979-2000).
Using the simulation results of this model the discharge plots are
generated, the flash flood threshold is identified (using historic
reports and literature) and above which all the events are
considered as flash flood events. Those flood events are matched
with the events from the flood reports and news articles.

The historic flash flood reports are very less on records but still
the listings are managed from 1990 onwards searched from
various literature and published reports. The VIC simulated
discharge at Nadaun and Sujanpur basin are shown in the Figure
15 and Figure 16.
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Figure 15 Discharge plot at Nadaun basin
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Figure 16 Discharge at Sujanpur basin

The flash flood events that have occurred due to heavy rain or
cloud burst are reflected in the outlets at Nadaun and Sujanpur
with frequent peaks. The numerous peaks are observed in this
period. These are 1979, 1980, 1982, 1984, 1985, 1986, 1987,
1988, 1990, 1991, 1992, 1993, 1996, 1998, 1999 and 2000. The
Beas Basin receives the maximum annual rainfall out of all the
basins of the North Western Himalaya (NWH). The flash floods
that reflects in the reports matches with most of the events after
1990 as reports and literatures contains events after 1990
onwards. This suggest that the simulations have very well
captured the extreme events occurred in the historic period.

4.3 Present Period (2001 — 2017)

The present period of study ranges from 2001 to 2017. This
period is very crucial regarding the catastrophic extreme events
in NWH. The extreme events have shown a increase in this
period, though the mean annual rainfall has shown a decrease in
trend. The 2010 Leh cloudburst, 2013 Kedarnath flash flood,
2014 Kashmir flood, 2017 cloudburst in Kullu and Manali, etc.
are some major events that has cause serious destruction to the
lives of the people. The model behavior in this period becomes
very important as it covers the serious and recent water disasters.

The present period is considered from 2001 to 2017. There is
large number of flash flood events that have occurred in this
period. The most serious and hazardous ones are 2001 (Kullu,
Mandi, Kangra, Mandi), 2003 (Kullu), 2005, 2007, 2009, 2011,
2012, 2013, 2014, 2014, 2018 (Thakur et al. 2019). The plot for
the simulated discharge data at both the outlets of the Beas Basin
are shown in the Figure 17 and Figure 18.
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Figure 18 Discharge at Sujanpur basin

From the above simulated discharge for the present period, the
flash flood events that are captured and reflected at the Nadaun
and Sujanpur outlets by the hydrological model are 2003, 2005,
2006, 2007, 2009, 2010, 2011, 2012 and 2014. Among these the
most of the flash floods records are matched with the literature
and are supported by various reports.

4.4 Future Period (2018 — 2099)

The future period is also simulated to observe the behaviour of
hydrological model. As the time period of the future simulation
is very large hence, we have subdivided the future simulations
into two parts- Near Future (2018 — 2050) and Far Future (2051
— 2099). The hydro-meteorological dataset used for the future
simulations are bias corrected CORDEX data (Sharma et al.
2018, 2019).

The CORDEX data is available from the 2006 and we have also
the observed data of Beas Basin for this time period. Hence, we
simulate the model from year 2006 onwards. The starting 4 years
of this period are taken as the warm up period for the model and
we have plotted the discharge data obtained from the CORDEX
(bias corrected) data with the observed data. The Figure 19 and
Figure 20 show the plot of simulated discharge and observed
discharge at Nadaun and Sujanpur outlet.
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Figure 19 Simulated and observed discharge at Nadaun
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Figure 20 Simulated and observed discharge at Sujanpur

It is observed that simulated discharge is in good agreement with
the observed discharge data. The occurrence of peak discharge is
observed as shifted from the actual peak. It lets us to conclude
that if any extreme event is captured by the future simulation
(using CORDEX) then there is very high probability of occurring
such extreme event in the close vicinity i.e. range around the
actual observed date. It actually strengthen the probable
occurrence of the extreme event in the area.

Flood Peak Value Estimation for Future Period

As the calibration and validation of the model is done with the
ERA-Interim dataset hence, there is some bias in the peaks
observed with other datasets due to bias in the input
meteorological parameters. Hence, the flood peak value observed
in the CODEX will also have some bias. For calculating the
number of flood-extremes the flood peak value threshold needs
to be identified for the hydrological output generated using
CORDEX dataset. The exceedance curve methodology (Fatemi
and Vafaie 2015; Goda, Wenzel, and Daniell 2015; Tian and
Resconi 2018)is utilized in calculating the new flood peak
threshold value for the basin. The percent exceedance curve is
plotted for the common time period of both the datasets. The
Figure 11 shows the exceedance curve of ERA-Interim dataset
for the time period 2006 to 2017 at the Nadaun outlet of Beas
Basin.
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The flood peak value observed from the historic period is around
1100 md/sec. The percent exceedance found at this particular
discharge is 2.6 and now at this exceedance value the new flood
peak threshold value is obtained from the exceedance curve of
the hydrological output derived using CORDEX data for the
same time period (2006-2017). The percent exceedance curve for
CORDEX dataset is shown in the Figure 22 at the same outlet i.e.
Nadaun and for the same time period.
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Figure 22 Exceedance probability curve at Nadaun(CORDEX)

The flood peak for the CORDEX data at 2.6 % exceedance comes
around 1050 m®/sec. This value is considered as threshold for
estimating the total number of flood extremes captured in the
future period.

4.5 Future Simulations

The simulations of CORDEX (bias corrected) data is done in two
periods - Near future and Far future.

451 Near Future Period (2018 — 2050)
The near future time period is taken from 2018 to 2050. The Beas
Basin is simulated and discharge data is routed at two stations.
One of them is Nadaun and the other station is Sujanpur. The
hydrograph showing discharge in near future at the two outlets
are shown in the Figure 23 and Figure 24.
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Figure 23 Simulated discharge at Nadaun outlet for near future
period
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45.2 Far Future Period (2051 — 2099)
The far future ranges from year 2051 to 2099. The hydrological
simulations are generated using the CORDEX (bias corrected)
data. The hydrological simulations at Nadaun and Sujanpur
outlets are shown in Figure 25 and Figure 26.
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Figure 25 Simulated discharge at Nadaun outlet for far future
time period
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Figure 26 Simulated discharge at Sujanpur outlet for far future
time period

The hydrographs above had indicated a large number of flood
events in this period. The total number of hydrologic extremes
indicated by the above hydrograph are close to 708. Out of this
more than half of the events will occur between 2065 and 2080.
The CORDEX data has indicated a tremendous increase in the
hydro-meteorological extremes in the far future period. The
planning of the area lying in the Beas Basin should be more
focused on preventing damage to lives and property of the
dwellers of this basin.

4.6 Inter- Comparison of flood peak events in Historic,
Present and Future Scenarios

The total occurrence of flood peaks over the three time spans is
estimated and converted in occurrence of event per year scale to
get the clear view of the temporally changing scenario over the
Beas Basin. Table 2 shows the occurrence and rate of events

Q;‘OG
:f&m occurred in the four time periods of study.
éuoo Table 2 Extremes Flood Events
500 Time Number Total number Rate/vear
o Period of Events of Years y
Historic 201 22 9.14
Flgure 24 Simulated dlscharge at Sujanpur outlet for near Present 153 17 9.00
future period '
Near
The above figures for the near future period also shows probable Future 388 33 11.76
occurrence of the extreme events in the near future. It shows the Far Future 708 49 14.45

probability of flash flood occurrence in year 2019, 2020, 2023,
2025, 2026, 2027 2032, 2033, 2034, 2038, 2039, 2046, 2049 and
2050. Among these the 2027, 2032, 2033, 2034 and 2038 are the
most extreme among all. Year 2046 appears to be more prone to
large number of flash flood extremes due to large number of 1-
day or 2-day extreme rainfall events.

The plot is also generated showing the occurrence of flood
extremes per year in different time periods and is shown in Figure
27.

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLIII-B5-2020-139-2020 | © Authors 2020. CC BY 4.0 License. 145



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLIII-B5-2020, 2020
XXIV ISPRS Congress (2020 edition)

16.00

14.00 v =1.8695x+6.4119

-
-

12.00

10.00

-
o’—
”‘
-
-
-
8.00
6.00
4.00
2.00
0.00

Historic Near Future

Extreme events/Year

Present Far Future

Time Span

Figure 27 Extreme Flood Peaks Trend over time period

The Figure 27 and Table 2 shows that the due to changing climate
the number of extreme events are showing increasing trend and
in the far future period the increase in the extreme events per year
is very high.

5. CONCLUSION

The above study has strengthened the fact that the climate change
has leads to the increase in the number of hydro-meteorological
extremes. It has been observed that the Beas Basin is highly
affected with the cloudburst causing series of flash flood in the
region. The hydrological simulations performed for the three
time periods has shown that the hydrologic extremes are on
increases from past to present period and will increase with
higher rate in the future period. The historic simulations have
shown that the ERA — Interim datasets have captured most of the
hydrologic extremes when compared with the historical reports.
The severe cloudburst in year1997 near Kullu and Manali have
also been captured by the hydrological simulations. The present
period had shown high frequency in the occurrence of extreme
events and has resulted a huge loss to life and property in the
region. This increase in the rainfall extremes and is supported by
the hydrological results of the Beas Basin which shows increase
in the hydrologic extremes during this time period.

The future simulations for the period of 2018- 2099 has also
shown increase in hydro-meteorological extreme events in the
coming years. The CORDEX data utilised is available from 2006
onwards and hence the model is simulated from the 2006 and
considering model warm up period to be five years, the
hydrological simulations from 2011 to 2017 when compared with
the observed data available shows that it had also captured
various hydrological extremes during the 2011 and 2017. Hence
this finding helps us to conclude that there is fair probability of
the occurrence of hydrological extremes in the near future as
captured by the CORDEX simulations. The future period has
shown that there is increase in the hydrological extremes in the
future with tremendous increase in the far future period (2051-
2099). The study has strengthened the fact that modelling
approach has shown its worth in the estimation of the hydro-
meteorological extreme over the long time period. As the
observed data is not available for such a long period, modelling
approach acts as an helping hand in understanding the changing
trend from past to present and also it can predict its occurrence in
future. The prediction of trend in future can be considered very
beneficial for the development and planning of the region.
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